The giant basal spicule of the hexactinellid sponge Monorhaphis chuni represents the longest natural siliceous structure on Earth. This spicule is composed of concentrically arranged lamellae that are approximately 10m thick. In the present study, we investigated the formation of outer lamellae on a cellular level using microscopic and spectroscopic techniques. It is shown that the formation of an outermost lamella begins with the association of cell clusters with the surface of the thickening and/or growing spicule. The cells release silica for controlled formation of a lamella. The pericellular (silica) material fuses to a delimited and textured layer of silica with depressions approximately 20-30m in diameter. The newly formed layer initially displays 40m wide, well-structured banded ribbons and only attains its plain surface in a final step. The chemical composition in the depressions was studied using energy dispersive X-ray spectroscopy and by staining with Texas Red. The data suggest that those depressions are the nests for the silica-forming cells and that silica formation starts with a direct association of silicaforming cells with the outer surface of the spicule, where they remain and initiate the development of the next lamellae.
INTRODUCTION
Silicate-and/or silica-depositing organisms are found throughout the prokaryotic and eukaryotic world (reviewed in Müller, 2003; Ehrlich, 2010; Ehrlich et al., 2010a) . Whereas prokaryotic organisms require a supersaturated silica environment to induce precipitation of amorphous silica during the exponential growth phase (Inagaki et al., 2003) , eukaryotic organisms are able to accumulate silicate to concentrations that allow its polycondensation within their cell(s). Plants have the capacity to take up silicic acid in the range of 0.1 to 0.6mmoll -1 from the soil in their rhizosphere; they then translocate this monomeric ortho-silicic acid to their branches and deposit it as amorphous silica or poly(silicate), also termed biosilica (Morse, 1999; Müller et al., 2008e) , in their cell walls (Ma, 2003) or in cell vacuoles (Neumann, 2003) . Diatoms (unicellular algae) accumulate silicic acid from the aqueous milieu via specific transporters at concentrations of up to 340mmoll -1 (Hildebrand and Wetherbee, 2003) and deposit it in special vesicles from where it is channeled onto distinct proteins (Perry, 2003) , e.g. silaffins (Kröger and Sumper, 2000) , and also onto chitin (Brunner et al., 2009) .
Among the metazoans, the siliceous sponges (Porifera: Demospongiae and Hexactinellida) are the only taxa that build their skeleton (spiculae) of amorphous silica (Morse, 1999; Uriz, 2006; Müller et al., 2007d; Ehrlich et al., 2010b) . Their silicification deposition-polycondensation pathway is distinguished from others by their ability to take up and accumulate silicic acid from a very silicon-poor aqueous environment (5moll -1 ) (Maldonado et al., 2005 ) via a special transporter in vacuoles (silicasomes) , and to subsequently polycondensate silicic acid enzymatically to biosilica (Morse, 1999) or poly(silicate) (Müller et al., 2008e) . A further characteristic of sponge spicule formation is that only a few genes control the formation of this inorganic matrix, poly(silicate). The major genes involved are the silicateins, a family of genes that encode the poly(silicate)-forming enzyme (Shimizu et al., 1998; Cha et al., 1999; Krasko et al., 2000; Müller et al., 2007b) , and the silintaphins. In the center of the spicules within axial canals, axial filaments exist both in Hexactinellida (Müller et al., 2008c) and in Demospongiae (Shimizu et al., 1998) ; the main component of the axial filaments is the silicateins. In addition, silintaphin-1 has been identified, which functions as a silicatein interactor and stabilizes silica nanoparticles under formation of silica nano-and micro-fibers and/or rods (Wiens et al., 2009 ). Furthermore, silintaphin-2 likewise interacts with silicatein and might serve as a final member of a signal transduction chain that controls spiculogenesis (Wiens et al., 2011) . Posttranscriptional modifications of silicateins, primarily via phosphorylation, likely also affect the shape, size and form of axial filaments (Müller et al., 2005; Müller et al., 2007a) .
The spicules of sponges display an amazing diversity of forms (Boury-Esnault and Rützler, 1997; Uriz et al., 2003; Uriz, 2006; The formation of siliceous spicules starts intracellularly in vesicles with the formation of an axial filament composed of silicatein, around which the first layer of poly(silicate) is deposited (Mugnaioli et al., 2009; Müller et al., 2005) . The resulting immature rods are extruded from the spicule-forming cells (sclerocytes) into the extracellular space, the mesohyl, where they grow in length and width. The longitudinal growth of the spicules is promoted by elongation of the axial filament through the addition of silicatein molecule units, which exist in the mesohyl, to the tip(s) of the spicules. In hexactinellids, the axial canal of (most) spicules remains open at the tips (Schulze, 1904; Müller et al., 2007c) , whereas in demosponges the axial canal of the mature spicules is usually sealed by silica (Minchin, 1909) . However, even some demosponge species possess mature spicules with open axial canals, e.g. the dichotriaenes of Erylus mammillaris (W.E.G.M., personal observation). The lateral growth of the spicules, i.e. the thickening, proceeds in demosponges (Schröder et al., 2006) and hexactinellids Müller et al., 2007e; Müller et al., 2009b) by appositional layering of silica cylinders, guided by galectin and collagen. The required building elements for poly(silicate) formation in the lateral direction (lamellae formation) are the initially intracellularly located silicatein(s) and the substrate monomeric/oligomeric silicate released from the cells (Müller et al., 2005; Schröder et al., 2006; Schröder et al., 2007) . It has been postulated that during appositional growth the silicate substrate is released from the sclerocytes and used by silicatein to form the poly(silicate) lamellae .
It should be mentioned that biosilica polycondensation in vitro is driven enzymatically (Cha et al., 1999; Krasko et al., 2000; Müller et al., 2008c) under physiological natural concentrations of silica (<1mmoll -1 ; pH ~7) whereas higher concentrations (≥4.5mmoll -1 Na-silicate) are needed for polycondensation in the absence of the enzyme (Ehrlich et al., 2008; Ehrlich et al., 2010c) . However, until now, no detailed experimental data or observations describing the morphogenetic events controlling the appositional layering of the silica cylinders along the axial biosilica rod have been presented. Likewise unknown are the processes that allow the formation of spines and tubercles existing on the central rods of the spicules, and characteristic rays originating from them, like in the spicules classed according to major architectural types, e.g. the monaxons, tetraxons or triaxons (Butler, 1961) . Some progress has been made recently to describe the bio-sintering process, e.g. fusion of distinct biosilica layers within spicules from demosponges and fusion of different spicules in hexactinellids to form combined interlocked frameworks (Müller et al., 2008d; Müller et al., 2009a) .
It is difficult to elucidate the processes culminating in the characteristic morphology of the extracellularly located spicules in demosponges because spicule formation is a rapid process. In the demosponge Ephydatia fluviatilis, the spicules grow at a speed of 5mh -1 (Weissenfels, 1989) . The short annual growth phase during which the spicules are formed makes studies of the concerted actions of the spicule-forming cells even more difficult. One technique that has been used in the past is following the development of the spicules in the three-dimensional cell culture system (primmorphs) (Müller et al., 2005) . Using this approach, researchers inferred that the appositional growth involves an organic cylinder composed of galectin, into which biosilica is extruded (Schröder et al., 2006) . However, it was not yet possible to study the major structural and functional components governing the coordinated movement and assembly of the sclerocytes, or the synthesis of the spicules in time and space. Only through the use of the giant basal spicule (GBS) from the hexactinellid giant sponge Monorhaphis chuni was a partial description of the molecular, cellular and functional processes made possible (reviewed in Wang et al., 2009a) . According to isotope ratio measurements, the specimens of this deep-sea sponge species can reach ages far older than 1000years (K.P.J., unpublished data), during which they form those giant spicules that can reach 3m in length and 12mm in diameter (Levi et al., 1989; Wang et al., 2009a) . Monorhaphis chuni specimens grow with their cylindrical, roundto oval-shaped body around the middle to upper part of the GBS and anchor with the basal, i.e. oldest, part of the GBS to the seafloor (Fig.1A,E) .
In the present study, we analyzed the surfaces of the lamellarly organized GBS in those regions that are in life covered by tissue using optical and electron microscopic techniques coupled with spectroscopic analyses. These regions are involved in thickening of the spicules . Our analyses show for the first time the involvement of the sclerocytes in the genesis of the biosilica lamellae; previously it was assumed that silicatein and its substrate were extruded into an organic cylinder surrounding the growing spicule (Schröder et al., 2006) . In the present study, we did not investigate the other relatively large spicule type in M. chuni, the tauactins, as they are even more intimately surrounded by the sponge tissue than the GBS (Müller et al., 2007a) , a fact that could evoke artifacts. A detailed description of the GBS, depicted in Fig.1 , is given in the Discussion.
The data presented here indicate that small clusters of sclerocytes exist on the surfaces of the spicules and promote the deposition of poly(silicate) onto the existing lamella. After completion of one lamella, the cells remain on the surface and are then possibly available for a further round of lamella formation. We term the complete process of lamellar construction in the GBS 'circumferential pericellular spicule formation'. The fact that silicatein deposits biosilica on cell surfaces has been demonstrated previously in Escherichia coli that were transfected with silicatein (Müller et al., 2008a) . In silicate-containing culture medium, those genetically modified bacteria were shown to synthesize a biosilica coat.
MATERIALS AND METHODS

Sponge and GBSs
Specimens of the hexactinellid Monorhaphis chuni Schulze 1904 (Porifera: Hexactinellida: Amphidiscosida: Monorhaphididae), the species that forms the GBSs, were collected in the South Chinese Sea from a depth of 1110m; the longest GBS found in 2008 measured 2.7m in length and 12mm in diameter (Fig.2A ). The spicules had been sealed in plastic bags and were stored at 4°C (cold room in the Institute of Oceanology, Chinese Academy of Sciences, Qingdao, China) since the date of collection. The spicules had not been freed from the (partial) organic coat by mechanical cleaning or detergents (sodium dodecyl sulphate) (Müller et al., 2007c; Wang et al., 2008) . Among those spicules, one sample that measured 2.5m in length and 7mm (maximum) in diameter was selected for the analyses summarized here.
Digital light microscopy
The analyses were performed with a VHX-600 Digital Microscope from KEYENCE (Neu-Isenburg, Germany), equipped either with a VH-Z25 zoom lens (25ϫ to 175ϫ magnification) or a VH-Z-100 long-distance high-performance zoom lens (up to 1000ϫ magnification) .
Microtomography analysis
The microtomography (-CT) analyses were performed as described previously (Wang et al., 2008 ) using a Desktop Cone-Beam -CT Scanner (lCT40, SCANCO Medical AG, Brüttisellen, Switzerland).
EDX spectroscopy
Energy dispersive X-ray spectroscopy (EDX) was performed with an EDAX Genesis EDX System attached to a scanning electron microscope (Nova 600 Nanolab; FEI, Eindhoven, The Netherlands) operating at 10kV with a collection time of 30s. Areas of approximately 20m 2 were analyzed by EDX as described by Wang et al. Wang et al., 2009b) and by Wiens et al. (Wiens et al., 2010) .
Labeling procedure with Texas Red
Texas Red sulfonyl chloride (Molecular Probes, Eugene, OR, USA) was used for conjugation with macromolecules present on the surface of the GBS. The conjugation procedure was performed at pH9.0 as described previously (Titus et al., 1982; PanchukVoloshina et al., 1999) . After washing with PBS, the samples were inspected with a KEYENCE BZ-8000 Epi-fluorescence Microscope using an S-Plan-Fluor 20ϫ lens. The filter setting 'ex 560±40-em 630±60nm' was used to detect the signals. In a control series, the spicules were pre-treated with 20gml -1 Proteinase K (SigmaAldrich, Taufkirchen, Germany) at 37°C for 2h in 10mmoll -1 TrisHCl buffer (pH8.0; 100mmoll -1 ethylenediaminetetraacetic acid, 50mmoll -1 NaCl, 0.5% sodium dodecyl sulphate). Experimental samples, which were not treated with Proteinase K, were incubated with the same buffer and under the same incubation conditions and were subsequently coupled to Texas Red (Sigma-Aldrich).
Determination of the hardness of the silica layers
Micro-hardness determination of the silica layers was performed by application of the nanoindentation method with a NanoTest 550 indentation system (Micro Materials Ltd, Wrexham, UK) as described previously (Li and Bhushan, 2002) . This equipment was connected to a sharp Berkovich diamond indenter with a tip radius of 200nm. Prior to analysis, the spicule was sliced into ~3mm thick sections that were subsequently polished (Müller et al., 2007c) . The spicule of M. chuni used for this analysis had a diameter of 7mm. Sample slices were embedded in epoxy resin. Finally, the determination of the hardness was performed applying a surface approach velocity of 5nms -1
; the depth limit was 1500nm.
LA-ICP-MS analysis
Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) analysis was performed with a sector-field ThermoFinnigan Element 2 mass spectrometer equipped with a New Wave UP 213 laser ablation system (Max Planck Institute for The coating of the GBS and the related spicules (sp) in M. chuni, the comitalia, with a fibrous network (fn) have already been sketched by Schulze (Schulze, 1904) . The formation shown in D-a is a more progressed stage of lamella formation than that shown in D-b. (E)The same author (Schulze 1904) already described that young specimens of M. chuni grow around one GBS. (E-a)This drawing represents a younger specimen than that shown in E-b. At the top of the specimens, spicules, including the GBS, protrude from the body of the specimens that are not covered by tissue. The transition zones (tz) between the body and the naked spicules are marked; there the formation of the lamellae starts.
Chemistry, Mainz, Germany) (Müller et al., 2008b) . Spot sizes of 50m were selected on sections of the GBS. The internal standard element was Si, as described previously (Müller et al., 2008b . Five parallel series of experiments were performed; the mean values (±s.d.) and the respective statistical significances were determined as described previously (Sachs, 1984) .
RESULTS
GBSs and their surface silicification pattern
By inspecting the surface of the GBS at the transition between the tissue-free and tissue-covered zones, a gradual emergence of variously structured and porous areas was seen (Fig.1D, Fig.2B-D) . The tissue-free zone of the GBS (2.5m long and a maximum of 7mm wide) used here, measured 8.5cm from the tip, and a smooth surface was observed (Fig.2B) . From this zone towards the part of the GBS that in life was tissue-covered, structured areas appeared that comprised distinct sequences of structural patterns. The surface showed fine, reflecting irregularities (Fig.2B) that resolved, at high light microscopic magnification, as a continuous thin layer riddled with depressions with elevated rims (Fig.2E,I ). In continuation of this zone, the surface of the spicule appeared as a finely woven network (Fig.2F,J) . The rims of the indentations develop into distinct walls (Fig.2G,K) . The diameters of the round fairly uniform depressions varied between 23 and 38m. The arrangement of the indentations was not regular (Fig.2G,K) . Finally, further away from the tip, the surface showed a transition to a zone of banded ribbons that almost perfectly encompassed the spicule (Fig.2H,L) . The widths of the ribbons varied between 31 and 56m. It should be stressed that ribbons that were closer to the network were translucent and the depressions shone through (Fig.2L) .
Surface silicifying layering
-CT analysis was employed to identify the patterns on the silicifying surface layers (Fig.3A) . A reconstruction revealed that those silicifying surface layers bind tightly to the subjacent, penultimate lamella of the spicule. During growth of a new surface layer of the GBS, the surface of the penultimate lamella is cluttered with tiny bumps. Such layers are found in the transition zone between the plain spicule surface and a newly forming lamella, close to the border of the sponge body tissue and the naked spicule (Fig.1E) . At a later stage the penultimate lamella becomes perfectly smooth and the surface lamella can easily mechanically be detached from it (Fig.3B) . Often the more centrally located lamellae (Fig.3D) , in addition to the surface lamella and the penultimate lamella (Fig.3C) , are visible at fracture sites. As shown in Fig.3C , the surfaces of the lamellae change from more textured (at the surface lamella) to smooth in the more centrally located lamellae. The plain lamellae and the axial cylinder are covered by the tiny coarse layer, which X. Wang and others also includes the fine network around which the banded ribbons are circulating (Fig.3E,F) . At a higher magnification (Fig.3F) , the network around the plain rod and the banded ribbons are illustrated in a tilted view. This image also shows that the widths of the ribbons, 31 to 56m, are slightly larger than the diameters of the depressions (23-38m).
Element distribution resolved by EDX spectroscopy in the surface layer
In order to identify the chemical composition of the lamellar surface region, scanning electron microscopy (SEM) images were taken at different depths from the surface and, in parallel, the corresponding EDX spectra were recorded (Fig.4 ). For this analysis, the spicule sample was moderately bent to induce cracking of the outer layers, as described by Müller et al. (Müller et al., 2008d) (Fig.4A,B) . The SEM images were obtained from different depths below the surface. All corresponding EDX analyses that were taken from more centrally located lamellae, approximately 30 layers from the surface (Fig.4C-a) , approximately 20 layers from the surface (Fig.4D-a) , or from the penultimate lamella ( Fig.4E-a) gave almost identical EDX spectra with dominant peaks for Si and O, reflecting the biosilica matrix ( Fig.4C-b-E-b) . Only the EDX spectrum ( Fig.4F-b) obtained from the surface of the banded ribbon layer (Fig.4F-a) gave a more diverse distribution. Besides Si and O, indicating the presence of silica (SiO 2 ), surface layers are composed of traces of organic material, as assessed from the presence of the peaks for Na, Mg, S, Cl, K and especially C. We have previously described the banded ribbon structure as an organic layer (Wang et al., 2008) .
Element analysis of the depressions within the ribbons
The spicule surfaces in the central part of the sponge body display a pronounced banded ribbon-like structure (Fig.5A) . It is striking that the ribbons have two appearances: non-perforated and perforated. Approximately 10 non-perforated ribbons are followed by approximately 20 perforated ribbons (Fig.5A,B) . The widths of the ribbons (31-56m) are slightly larger than the diameters of the depressions (23-38m; Fig.5C,D) . Optical microscopic analyses showed that the depressions are filled with ball-like structures (~10m). However, when these depressions were inspected by SEM (Fig.5F) , no structures within the holes could be resolved. This finding suggests that the ball-like structures were destroyed by the electron beam used for SEM analysis (10kV). In order to obtain insight into the chemical difference between the smooth/plain regions within the ribbons and their depressions ( Fig.5E-a) , EDX analyses were performed in parallel. The EDX spectra revealed that the smooth/plain regions only gave peaks for Si and O (Fig.5E-b) , reflecting silica, whereas the depression regions comprised dominantly peaks for elements characteristic for organic matter, e.g. C, Na, Mg, S, Cl and K (Fig.5F-b) . Two other biogenic elements, P and N, are not marked in Fig.5F-b , as their signals cannot be unequivocally assigned. It is very likely that the N signal is shielded by the large C signal, whereas the (probable) P signal, at 2.0 keV, is very small. We hypothesize that those depressions might be filled with cells, or fragments of them. 
Staining the content matter in the depressions for organic matter
In an attempt to verify that organic matter potentially exists in the depressions, the spicules were stained with Texas Red. As shown in Fig.6A ,C, bright signals were seen within the depressions. In order to check whether the dye is indeed conjugated with a proteinaceous material, the spicule samples were pre-incubated with proteinase K. After that treatment, no significant signals could be detected (Fig.6B,D) .
X. Wang and others Hardness measurements were performed on the surfaces of polished slices from a GBS. Two locations were selected: a spot within the surface layers (the lamellar region located within the first 20m of the surface lamella towards the center) and a location within the lamellar region, as illustrated in Fig.7A -a. The results of the two series of hardness measurements gave different distribution curves. The hardness in the surface/rim region had initially considerably lower values. A displacement into the surface of 300nm was caused even at ~1GPa; only at pressure values of 3.2GPa were the maximal displacement values reached. In contrast, the hardness of the more centrally located lamellar region had only a small increment from 2.5 to 3.3GPa before reaching maximum displacement values ( Fig.7A-b ).
Element analysis
LA-ICP-MS was applied to determine the trace element distribution within the different segments [samples covered with banded ribbons (Fig.7B-a) and those comprising plain surfaces (Fig.7B-b) ] of the GBS. The analyses were performed within 80m spots from the surface regions, the lamellar region and the axial cylinder, as shown in Fig.7A -a. The quantitative spectroscopic data revealed that, for the elements Ca and Mn ( Fig.7C-a) and also for Na and Mg (Fig.7C-b) , the concentrations were significantly higher in the surface layers of slices covered with banded ribbons than in samples taken from an uncovered area. No significant differences between the two samples of spicules were seen in the element concentrations determined in the lamellar or axial cylinder parts of the slices (Fig.7C-a,b) .
DISCUSSION
In the present study we used the GBS of M. chuni as a model to clarify whether the growth of the skeletal elements in the lateral direction is controlled by sclerocytes. By light microscopy analyses and subsequent SEM analyses it became evident that the surface lamellae of the GBS contain nests/rounded depressions that are filled with ball-like structures. Those structures reacted with Texas Red. A definite answer to whether the Texas-Red-positive staining (Suzuki et al., 1997) of the material within the depressions depicts intact mononuclear cells, syncytia or nuclear cell fragments cannot be given at present. However, the existence of protein-containing material could be proven by digestion experiments using proteinase K. Operationally, we term the Texas-Red-positive material as 'cells'. The existence of organic material in the 23-38m depressions has also been confirmed by EDX analysis. This series of measurements proved the existence of the elements C, Na/Mg and S in those regions. Based on the data it is assumed that those cells in the depressions form and continuously develop a rim of poly(silicate) around them. At the beginning of lamella formation, the arrangement of the rounded depressions containing the cells is not highly ordered. Using a biomimetic approach, we genetically modified bacteria with the silicatein gene and demonstrated that E. coli form a biosilica coat around their cell walls (Müller et al., 2008a) . These findings imply that bacterial as well as sponge cells that express the silicatein gene have the capacity to synthesize biosilica on their surfaces. The mechanism by which silicatein, together with its silica substrate, is released from the cells remains to be determined. As both components (silicatein and silicic acid) are intracellularly compartmentalized in vesicles, we assume that they are co-exported onto the cell surfaces where polycondensation proceeds.
Within the course of lamella formation, the depressions become covered or surrounded by ribbons that are almost perfectly banded and exhibit highly uniform widths of approximately 40m (31-56m). At present we can only speculate about the mechanism by which the cells, with their surrounding silica envelope, are unified to form ribbon-like structures. Cells from most hexactinellids form a multinucleate syncytium during embryogenesis or later, during tissue formation, that ramifies throughout the sponge (see Leys et al., 2007) . More specific, the spicule-forming sclerocytes have also been assumed to fuse to a 'sclerosyncytium' (Leys, 2003) as deduced from the observations of spiculogenesis in embryos from Oopsacas minuta. Because the cell-containing depressions are separated from each other, we have no reason to believe that all cells participating in lamella formation fuse to form syncytia. Nevertheless, secondary syncytia formation could explain the secondary organization of the cells to banded ribbons via syncytial trabecular strands. Unfortunately, until now, it has not been possible to perform cytological studies using M. chuni tissue because of the poor conservation of collected samples. Therefore, another line of Fig.6 . Detection of macro-molecules within the depressions (de) of the banded ribbon structures of the GBS. Spicule samples remained either non-treated with proteinase K for 2h at 37°C in the Tris-based incubation buffer (A,C) or were pre-treated with this protease in the Tris buffer (B,D). The samples were subsequently coupled with Texas Red as described in the Materials and methods, and the spicules were then inspected by epifluorescence microscopy. Scale bars, 50m.
explanation should be highlighted. Using the demosponge Geodia cydonium, it could be demonstrated that the extracellular mesohyl is rich in tubulin, which has the capacity to polymerize to microtubules (Reuter et al., 1987) . Hence it may be hypothesized that the polymerization dynamics of microtubules could be the motor for the organization of the sclerocytes to ribbons.
Microscopic analyses suggest that the cell clusters in the depressions remain on the surface of the biosilica layer they formed. Initially they leave behind ~20-30m holes in the newly formed biosilica lamella, which had been visualized previously (Wang et al., 2008 ) (scheme shown in Fig.1B-a-f ). Those holes are closed after termination of the silicification process, resulting in the formation of perfectly concentric plain lamellae (Fig.1B-g,h) . No evidence could be found that suggests an embedding of the cells within the silica lamella. It appears to be more likely that the cells remain on the surface of the lamellae and can undergo further rounds of silica lamella formation. Such a mechanism is economic from the viewpoint of morphogenesis because during the progression of the thickening of the spicules, sclerocytes of the same differentiation state can be re-used. Moreover, the same signal regulatory network between those sclerocytes can be re-used; this aspect is crucial as no elaborate cell junctions between sponge cells have yet been detected or elucidated . Following this line of argumentation, filamentous structures must exist to keep the sclerocyte clusters, after termination of silica deposition and after formation of a complete plain lamella, at their functional position. Recent studies (Wang et al., 2008; Ehrlich et al., 2008) have proposed, based on electron microscopic observations, that it is the collagen network that surrounds the outer surface of the spicules. That filamentous framework leaves open holes with diameters of 10 to 25m, matching exactly the diameters of the depressions in the banded ribbon layers. Previously, Schulze illustrated that M. chuni spicules are surrounded by filamentous sheaths comprising openings of unknown function (Schulze, 1904) . It should be noted that for the first few centimeters from their tips, the spicules are not covered by silica lamellae containing cell fragments; this region is composed solely of smooth surfaces. This surprising observation was made by Schulze, who saw that even young M. chuni specimens showed spicules protruding from the body at the top end (Schulze, 1904) (Fig.1E) .
Our microscopic and spectroscopic/chemical analyses revealed that the surface silica layer(s) of the GBS from M. chuni differs X. Wang and others from the more internal layers by the existence of the cells located in the depressions that have been attributed to the formation of the lamellae. In order to examine whether the silicate matrix, formed at the surface of the spicules, also differs from the more centrally arranged lamellae in terms of inorganic chemical composition and mechanical properties, we applied the techniques of LA-ICP-MS spectroscopy and hardness/indentation determination. The spectroscopical analysis distinctly showed that the surface layers from spicule samples that were covered by banded ribbons comprised significantly higher concentrations of monovalent and divalent cations within the poly(silicate) than the silica that exists more centrally within the spicule. In the silica layers close to the surface, the silicic acid building blocks forming the silica layers exist, to a considerable extent, as salts of Na, Mg, Ca and Mn. Recently, we proposed that the silicatein-mediated synthesis of biosilica starts from the silicic acid/silicate substrate and proceeds via cyclic silicic acid species (trisiloxane rings) to poly(silicate) (Schröder et al., in press) . As a consequence of the higher concentration of cations in the silica matrix of the outer surface of the spicules, the hardness should be lower (Wiederhorn, 1969; Müller et al., 2008b) . This supposition was proven by hardness studies on cross-sections through the spicule. The data revealed that the near-surface lamellae from spicules surrounded by banded ribbons were more flexible (by a factor of two) compared with the lamellae that were not in the process of formation and were devoid of depressions. In turn, a mechanism has to be proposed that allows an understanding of the ageing process of poly(silicate) after formation of the surface-directed lamellae. The data of the present study show that with the progression of silica layering around the spicules of M. chuni, the cation content decreases. Hence it is assumed that, during ageing, the formation of siloxane (Si-O-Si) bonds through condensation (removal of water) of residual silanol (Si-OH) groups present in the biosilica lamellae will occur. As a consequence, cations that act as counter-ions to acidic silanol groups will be eliminated from the silica phase. The latter process could proceed in association with a cation exchanger, perhaps collagen carrying negatively charged residue groups (aspartate and glutamate), at a slightly increased pH milieu (Zhang et al., 2004) . A recent study provided experimental evidence that the hardness of the biosilica within the M. chuni GBS is regionally different (Miserez et al., 2008) ; by focusing on the axial cylinder, Miserez et al. found that the hardness/indentation of the center of the spicules is approximately 2.5 times lower compared with the lamellar region.
In conclusion, the data presented here suggest that a close cell-silica contact is involved in silica formation, as shown here in the sponge M. chuni. Prior to this, using both the demosponge (Suberites domuncula) and the hexactinellid model (M. chuni), no evidence could be presented that filaments, e.g. collagen, are primarily involved in the formation of the silica lamellae . Based on the present data, the following steps for the formation of the outer lamella can be formulated (Fig.1B) . Sclerocytes associate to cell clusters on the surface of the (pen)ultimate smooth-surfaced lamella and start to form pericellular silica using silicatein under consumption of silicic acid. After the stage of textured lamella formation, the cell clusters proceed with silica formation and allow the completion of a smooth surface. The cells remain immobilized on the surface of the terminated lamella and attached to the spicule via a filamentous network for the next round of lamella formation (Fig.1C) .
